Simulations of volume fraction profiles formed during the lithographic preparation of polymer gratings are made with a reaction/diffusion model, based on the Flory-Huggins theory. Monomer migration is driven by a gradient in the chemical potential rather than a gradient in the concentration. If the chemical potential is used as the driving force, monomer migration is not only driven by a difference in concentration, or volume fraction, but also by other entropic effects: the differences in monomer length and the degree of crosslinking of a polymer network. The monomer volume fractions are simulated as a function of position for different ultraviolet intensities and various grating pitches. Profound edges of the monomer volume fractions caused by the fact that the reaction rate is high compared to the diffusion rate are both measured and simulated. An excellent agreement with nuclear microprobe measurements on the polymer gratings is obtained.
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I. INTRODUCTION
Optical applications for polymers with a modulation in the refractive index or film thickness are found in data transport, storage, and displays. [1] [2] [3] Patterned ultraviolet ͑UV͒ illumination is a technique that is used to prepare polymer structures having a modulation in monomer unit concentration from a homogeneous mixture of two monomers. Some regions are illuminated by UV light and polymerization is started, while other regions remain dark. Monomer migration, induced by difference in properties of the monomers, during this polymerization process results in lateral differences in the monomer concentration. If two monomers with an intrinsic difference in refractive index are used, these concentration modulations directly correspond to a modulation of the refractive index. In previous articles, 4 -6 nuclear microprobe measurements were performed on polymer gratings, prepared from two ͑meth͒acrylate monomers. Each monomer contains a marker element, e.g., Si, Cl, F, which can easily be detected with proton induced x-ray emission ͑PIXE͒ and proton induced gamma-ray emission ͑PIGE͒. As shown in these articles, the monomer migration process depends not only on reactivity induced concentration gradients but also on differences in molecular size, crosslinking properties of the monomers, and monomer/monomer and monomer/polymer interaction parameters.
In this article, the dynamic reaction/diffusion model, 6 based on the Flory-Huggins theory, 7-9 is used to simulate some specific grating preparation processes, where profound edges of the monomer-unit concentration profiles are found when the reaction rate is fast compared to the diffusion rate.
It was shown previously 6 that for some combinations of a mono-and a di͑meth͒acrylate, the total thickness is not a constant due to polymer swelling and that the concentration of the less reactive and three times smaller monoacrylate is higher in the illuminated regions. In this article, it is shown that profound edges in the obtained areal density and monomer unit profiles can be correctly simulated when the reaction time is fast compared to the diffusion time.
II. EXPERIMENT AND SIMULATION PARAMETERS
Gratings were prepared from mixtures of two ͑meth͒acrylate monomers by patterned UV illumination between a plain glass slide and one with a patterned photomask. The cells were filled with the monomer mixture containing 0.1 wt % of photoinitiator ͑Irgacure 651͒. The samples were then illuminated through the photomask by a UV-light source ͑Philips PL10W/10͒ and fixed afterwards by uniform illumination. A more detailed description of the preparation procedure can be found in Ref. 4 .
With the 3 MeV proton microprobe at Eindhoven University of Technology, the areal densities, i.e., the mass summed over the entire film thickness per unit area of the film, for C, O, Cl, Si, and F as a function of the lateral position in the sample were determined by a combination of Rutherford backscattering spectrometry, PIXE and PIGE. The H content was estimated from the C/H and O/H ratios of the monomers. An analysis method that combines these three techniques and takes ion beam induced material loss during the measurement into account was used. 4 In this way, the areal densities and mass fractions of all elements present were determined quantitatively and were easily converted into the monomer areal densities and mass fractions.
The reaction/diffusion model described in Ref. 6 is used to simulate the reaction/diffusion process by a set of parameters: the reaction rate constants of the two monomers R 1 and R 2 , the diffusion coefficients of the two monomers D 1 (0) and D 2 (0), a surface energy driven diffusion coefficient D s (0), the relative size of the monomers 1 and 2 , and K 1 and K 2 , which are coefficients of the free volume theory 10, 11 that determine how the diffusion coefficients decrease with monomer conversion. The monomer size ratio 1 / 2 , was estimated from atomic Van der Waals radii of the molecules. Crosslinking monomers are denoted by f ϭ1, and noncrosslinking monomers by f ϭ0, which is related to the amount of swelling of the illuminated regions. Additional constants are the surface tension ␥, the temperature T, the grating pitch , the film thickness h, the Flory-Huggins segment size segment , the initial volume fraction of monomer 1 1 (x,0), the molecular masses M 1 and M 2 , and the maximum illumination time t max . Numerical parameters are ⌬t, the step size in time, and L, the number of spatial regions per period. Of all these model parameters, K 1 is used as a fitting parameter and for simplicity, K 2 ϭ0. The other parameters are either known or were estimated or determined independently.
The diffusion coefficients and reaction rates were determined from other experiments. The diffusion coefficients at zero degree of polymerization D 1 (0) and D 2 (0) were determined from nuclear microprobe measurements where two monomers were made to diffuse into each other, 12 and the reaction rates R 1 and R 2 were determined from differential scanning calorimetry ͑DSC͒ measurements. 6 With these values, a simulation of the monomer migration process is then obtained.
In the model, the total illumination time is divided into steps ⌬t. During each step, an amount of each monomer is converted into polymer in the 1/2L illuminated regions, as given by their reaction rates R 1 and R 2 . Then, for all L regions, the chemical potential of both monomers and the diffusion coefficients D 1 , D 2 , and D s are determined with the monomer and polymer fractions in each region. After that, the monomer migration of each monomer is determined using the gradient in its chemical potential and the diffusion coefficients. Then, the process is repeated from the beginning for a next step ⌬t until the maximum illumination time t max is reached. More details are found in the previous article. 6 First, the measurements of the system consisting of a mono-and a diacrylate, i.e., 2-chloroethylacrylate ͑Cl monoacrylate͒ and hexafluorobisphenol-'A'-diacrylate ͑F diacrylate͒, is presented. This system shows profound edges of the monomer unit and total areal density profiles when prepared at a short UV light source distance that causes a fast reaction rate. In the model, the diffusion coefficients and K 1 were taken the same as in a previous reference. 6 Second, in order to study the effect of the grating pitch on the balance between reaction and diffusion time, a system consisting of the Cl monoacrylate and 1,3-bis͑3-methacryloxypropyl͒-1,1,3,3-tetramethyldisiloxane ͑Si dimethacrylate͒ was considered. Measurements and simulations were done for a number of different grating pitches varying from 2ϫ500 down to 2ϫ25 m for two different UV light source distances. For the simulations, the grating pitch was varied and two different sets of values of the reaction rate constants were used, corresponding to the two different UV light source distances. The diffusion coefficients and K 1 , were kept the same for all simulations.
III. RESULTS AND DISCUSSION

A. Monomer unit profiles
First, the grating prepared from a mixture of the Cl monoacrylate and the F diacrylate is examined. This grating is presented to show that the model can simulate the thick edges observed in the measurement. The experimental areal density and mass fraction profiles are measured with the microprobe and are shown in Figs. 1͑a͒ and 1͑b͒ .
In order to simulate the measured profiles, the overall reaction rate constant measured with DSC is used: k ov grat ϭ(0.024Ϯ0.005) s Ϫ1 . The rates R 1 and R 2 in Table I are derived assuming R 2 ϭ2R 1 and the overall rate is approximated by the weighted average of the reaction rate constants R 1 and R 2 over the initial molar fractions of 0.88 Cl monoacrylate and 0.12 F diacrylate. The same values for the crosslinking parameters f 1 and f 2 , the diffusion coefficients D 1 (0), D 2 (0), and D s (0), the size parameters 1 and 2 , and the K 1 and K 2 values are used as in an earlier presented similar system 6 with the same monomers. An approximate density of 1000 kg/m 3 is assumed to convert volume fraction directly into mass fractions. All parameters are shown in Table I .
A comparison between simulation and measurement is shown in Fig. 1 for both the areal densities and the monomer mass fractions. It is shown that both the Cl monoacrylate and the F diacrylate migrate towards the illuminated area and that the less reactive Cl monoacrylate has a higher mass fraction in the illuminated regions. The valley depths of the areal densities in the dark regions of the simulation agree with those of the measurement, as shown by Figs. 1͑a͒ and 1͑c͒ . Because the UV light intensity in this system is much higher than in the system of the previous article, 6 the monomer cannot reach the middle of the illuminated regions and thick edges are observed, which were absent in the previous system. 6 The thick edges in the simulation are similar in size to the ones in the measurements. The measurement shown in Fig. 1͑a͒ also suggests a maximum in the F diacrylate areal density in the far left and right of the dark regions. The simulations presented in Fig. 1͑c͒ show a more distinct structure in the dark regions near the boundaries with the illuminated regions. This behavior is explained by the fact that the F diacrylate mass fraction is higher in the dark regions than in the illuminated regions, as shown by the measurement and simulation in Figs. 1͑b͒ and 1͑d͒ in combination with the variations in total areal density caused by swelling, indicated in Figs. 1͑a͒ and 1͑c͒ . The Cl monoacrylate and F diacrylate mass fractions in the illuminated and dark regions and the height and width of the thick edges, as shown in Fig. 1͑b͒ , are predicted correctly. Note that details of the diffusion and reaction processes are only revealed by considering the mass fraction profiles.
B. Variations in grating pitch
Second, another set of simulations is made for a variation of the grating pitch for two UV light intensities. The first set was prepared at a UV light distance of 7.5 cm and the other one at 50 cm, where the UV light intensity is 34 times lower and the reaction rate constant is about 5.9 times smaller. The overall rate constant for the mixing ratio considered here is estimated by k ov grat ϭ(0.009Ϯ0.002) s Ϫ1 , for a UV light source distance of 7.5 cm. This reaction rate constant corresponds to the one obtained by averaging the chosen reaction rate constants R 1 and R 2 over the molar fractions of 0.52 Cl monoacrylate and 0.48 Si dimethacrylate. The best results were achieved using R 2 ϭ2.3R 1 . This ratio determines the height of the edges and is reasonable since the Si dimethacrylate has two functional groups and methacrylates are in general more reactive than acrylates in copolymerization. 13, 14 For a light source distance of 7.5 cm, the parameters are as shown in Table II , whereas for 50 cm the rate constants have to be divided by 5.9 and the total illumination time t max is multiplied by the same value.
A comparison between measurements with the nuclear microprobe and the simulations is shown in Fig. 2 . The measurements clearly show that for larger pitches, the monomer FIG. 1. Nuclear microprobe measurement ͑a͒ and simulation ͑c͒ of the total and the monomer areal densities of a mixture of the Cl monoacrylate and the F diacrylate, and measurement ͑b͒ and simulation ͑d͒ of the corresponding monomer mass fractions. TABLE I. The parameters used for the simulation of a combination of the Cl monoacrylate and the F diacrylate for a UV light source distance of 7.5 cm.
Reaction rate constants, etc.
Diffusion coefficients diffuses less deep into the illuminated regions because it is converted into immobile polymer before it can reach the middle of these regions. For the 50 m pitch structures, it is most clearly observed that the thick edges are much more pronounced for the 7.5 cm UV light source distance than for the 50 cm distance for both the simulation and the measurement. In the latter case, the reaction is slower and the monomers have more time to diffuse towards the center of the illuminated region. For the 2ϫ100 m measurement in Fig.  2͑a͒ , the Cl signal in the illuminated regions is not high enough compared to the simulation. However, the mass fraction profiles in the illuminated regions can be simulated well with the measured diffusion coefficients 12 when assuming a K 1 ϭ0.095.
The measurement of the 2ϫ25 m grating at 7.5 cm shows no thick edges while the simulation does. This is related to the fact that the UV light source is not a point source. Consequently, the transition between maximum and minimum light intensity becomes less sharp for smaller grating pitches. In particular, for the 2ϫ15 m pitch, the structure is poorly defined and no simulation is attempted.
For all cases of the Si-Cl system, the simulations of the mass fractions were insensitive to the surface tension driven diffusion rate D s (0). When it is varied between D s (0) ϭ3.0ϫ10 Ϫ6 and 1.2ϫ10 Ϫ6 m 2 /s, the difference in the mass fractions is less than 0.1%.
For the F-Cl system a value of K 1 ϭ0.21 was needed. For the Si-Cl system, an even lower value was needed (K 1 ϭ0.095), which corresponds to a steeper decrease of the diffusion coefficient with conversion than the F-Cl and the Si-F systems. 6 This steep decrease cannot be explained by crosslinking alone.
In general, similar simulations are obtained for lower initial diffusion coefficients D 1 (0), D 2 (0), and D s (0), if these are compensated for by a slower decrease of the diffusion coefficients with conversion, i.e., a higher value of K 1 . For instance, assuming that D 1 (0), D 2 (0), and D s (0) of Table I have an experimental error of a factor of 2, the corresponding error in K 1 is 0.08. However, no suitable value of K 1 is found if the diffusion coefficients are changed by a factor of 10 or more.
IV. CONCLUSIONS
A reaction/diffusion model based on the Flory-Huggins theory is used to describe the preparation process of polymer gratings by patterned UV photopolymerization of a mixture of two monomers. The reaction/diffusion mechanism is described using the chemical potential of the monomers in both the illuminated and the dark regions. The chemical potential incorporates the monomer volume fraction, which is determined by the reactivity, the monomer length, the crosslinking ability and the monomer/monomer and monomer/polymer interaction. For the current systems, it was not necessary to include interaction parameters. By inserting reaction rate constants obtained from DSC, estimations of the monomer length, and the experimentally measured diffusion coefficients into the dynamic reaction/diffusion model, simulations for a number of combinations of mono-and di͑meth͒acrylate monomers are obtained. These simulations correspond well with nuclear microprobe measurements. They correctly predict which monomer unit eventually has the highest volume fraction in the illuminated regions. In addition, they show that different reaction rates and grating pitches lead to different shapes of the monomer unit volume fraction and areal density profiles. When the reaction rate is high compared to the diffusion rate, the monomer cannot reach the center of the illuminated regions and the total areal density in the illuminated regions shows profound edges. The balance between the reaction rate and the diffusion coefficient is described correctly by the model. The model contributes to the understanding of monomer diffusion processes during photopolymerization processes where the reaction rate constant depends on the position in the monomer mixture.
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